Mussels are opportunistic macrofouling organisms that can attach to most immersed solid surfaces, leading to serious economic and ecological consequences for the maritime and aquaculture industries. We demonstrate that lubricant-infused coatings exhibit very low preferential mussel attachment and ultralow adhesive strengths under both controlled laboratory conditions and in marine field studies. Detailed investigations across multiple length scales-from the molecular-scale characterization of deposited adhesive proteins to nanoscale contact mechanics to macroscale live observations-suggest that lubricant infusion considerably reduces fouling by deceiving the mechanosensing ability of mussels, deterring secretion of adhesive threads, and decreasing the molecular work of adhesion. Our study demonstrates that lubricant infusion represents an effective strategy to mitigate marine biofouling and provides insights into the physical mechanisms underlying adhesion prevention.
M
arine biofouling, the process by which marine organisms attach to underwater structures, represents a major economic burden for maritime industries (1, 2) . Fouling organisms that settle on submerged surfaces increase hydrodynamic drag, lower ship maneuverability, and, in turn, increase fuel consumption (3) (4) (5) . Biofouling also has detrimental consequences on port and fishery infrastructuresfor example, by severely clogging circulation piping. Strategies to prevent biofouling are thus a key challenge (6) (7) (8) .
Mussels attach indiscriminately to hydrophilic and hydrophobic solid surfaces via adhesive elastomeric protein-based filaments (byssal threads) (9, 10) . Attachment plaques at the distal end of byssal threads comprise mussel foot proteins (Mfps) enriched with the posttranslationally modified 3,4-dihydroxy-L-phenylalanine (Dopa) (11) that promotes underwater adhesion through various cooperative mechanisms involving removal of hydrated surface salts, as well as delivery of the glue in the form of a complex fluid that does not disperse in aqueous media (12) (13) (14) (15) (16) . These specialized proteins enable mussels to adhere to virtually any surface, including metals, minerals, plastics, cements, and even low-surface-energy fluoropolymers (9, 12, 13) .
Lubricant-infused surfaces have recently emerged as a new class of repellent coatings with promising biofouling prevention capacities (17) (18) (19) (20) (21) (22) . These surfaces operate by the confinement of a liquid lubricant overlayer, which is immiscible and unreactive with the contaminated medium, onto a solid substrate to protect it from the direct contact with the fouling material (17, 23, 24) . Stable, liquid-protected surfaces can be designed via two general strategies. First, the lubricant can be infused into chemically functionalized roughness features to facilitate spreading and retention through van der Waals and capillary forces (17, (24) (25) (26) . Second, a polymer network can be infused with the lubricant to form a three-dimensional (3D) gel that is bearing a self-replenishing lubricant overlayer (20, 27) . Besides the dimensionality (2D versus 3D coating), the two strategies strongly differ in the elastic modulus (E) of the resulting material, with the latter being typically orders of magnitude more compliant. We hypothesized that because lubricant-infused coatings are particularly effective in repelling organic, aqueous, and complex liquids (17, 24, 25) and reducing fouling by bacteria (18) (19) (20) (21) (22) , blood (28) , and algae (29, 30) , they could efficiently prevent mussel adhesion, because the lubricant may shield the underlying solid substrate from being detected by the mussels. Because the adhesion strength of macrofoulers depends on both the material's surface energy g s and E (31, 32), we rationalized that the design of the coating (2D roughness versus 3D gel) may affect its antifouling capabilities.
Mussel multichoice assay and settlement
We used the Asian green mussel Perna viridis as the model species because it is an abundant marine mussel along the shores of the tropical Indo-Pacific that has invaded other geographical locations through extremely aggressive fouling on boat hulls (33) . We compared the performance of representative lubricant-infused 3D and 2D materials: (i) 3D polydimethylsiloxane (PDMS) polymer network (~100 mm thick) attached to a glass substrate and infused with silicone oil (20) , which we term i-PDMS, and (ii) 2D silica nanoparticlebased coating deposited by a layer-by-layer technique on glass and infused with the same lubricant (i-LBL) (26, 28) . As controls, we tested plain glass substrates, the noninfused versions of both materials (labeled PDMS and LBL), as well as two commercially available state-of-the-art foul-release coatings known to reduce marine biofouling on ship hulls, Intersleek700 (IS700) and Intersleek900 (IS900).
A preliminary screening assay ( fig. S1 ) showed that mussel plaques were absent from i-PDMS, whereas a small number of plaques was found on i-LBL, IS700, and IS900. In contrast, a large number of plaques formed on the three controls (PDMS, LBL, and glass). We then assessed the ability of mussels to dynamically explore substrates and find the most suitable surface on which to attach (Fig. 1A and fig. S2 ). These multiplechoice assays demonstrated the antifouling performance of i-PDMS (only five plaques were deposited in total, all found on a single surface out of 15 immersed i-PDMS samples), suggesting that i-PDMS fully prevents adhesion and that the fouled sample is likely the result of potential coating defects (Fig. 1, B and C) . The commercial standard IS700 exhibited the highest number of plaques per checkerboard (75 ± 10), whereas i-LBL and IS900 contained fewer plaques (30 ± 10 plaques per board). Similar 2D coatings with a fluorocarbon surface chemistry/lubricant system exhibited a higher number of adhesive plaques ( fig. S3 ), corroborating previous results on the importance of maximizing the solid/lubricant affinity for the performance of the coating (28) [see the supplementary materials (SM), section IIC].
Adhesive strength and secreted adhesive proteins
The adhesion of P. viridis is initiated by a timeregulated secretion of foot proteins (Pvfps) forming the final adhesive plaque (15) . We determined the macroscopic adhesive strength (s ad ) of mussel plaques ( Fig. 2A ) using a custom-made microtensile testing machine ( fig. S4) (34, 35) . The mean s ad was the lowest for infused i-PDMS (3.4 ± 2.0 kPa) followed by IS900 (8.1 ± 3.2 kPa), IS700 (20.2 ± 7.4 kPa) and i-LBL (20.8 ± 3.6 kPa). The s ad values for noninfused surfaces were systematically higher (30.3 ± 6.7 kPa for PDMS and 32.4 ± 10.7 kPa for LBL), and the highest adhesive strength was exhibited by bare glass (s ad = 86.5 ± 23.3 kPa). These data parallel the mussel choice assay findings, with i-PDMS outperforming all the other tested surfaces, both in its ability to deter mussel's attachment and to release those few attached plaques with relative ease. Notably, the measured adhesive strength values for the only i-PDMS sample with attachment were smaller by a factor of 2 and 5 than those from commercial foul-release coatings IS900 and IS700, respectively, and at least one order of magnitude smaller than typical reference surfaces (34) (35) (36) .
We complemented the macroscopic adhesion results with biochemical data by analyzing the adsorption of Pvfps in the remnants of adhesive footprints using matrix-assisted laser desorption/ ionization-time-of-flight (MALDI-TOF) mass spectrometry (Fig. 2C ). This technique is valuable in characterizing the antifouling efficiency at the nanoscale, because there is a direct correlation between the MALDI-TOF signal intensity and the concentration of Pvfps on the surfaces (SM, section IIA) ( fig. S5 ), indicative of increased adsorption. The presence of all adhesive Pvfps was confirmed on the glass substrate controls (Fig. 2C) . Although Pvfp-3 gave the higher MALDI-TOF intensity on residual footprints, we consider the detection of Pvfp-5 peaks, even at low intensity (Fig. 2C, insets) , to be a more critical signature of adhesion. As the first secreted adhesive protein, Pvfp-5 forms the plaque/substrate molecular interface and plays the key role of priming the surface by displacing surface-bound water before Pvfp-3 and eventually Pvfp-6 are added to form the final adhesive plaque (15) . All Pvfps were also detected from detached plaque footprints on the noninfused reference surfaces, PDMS, and LBL. In contrast, we did not detect any adhesive proteins on i-PDMS after plaque detachment and rinsing. Furthermore, we also verified the absence of purified Pvfp-5 on the infused surfaces after washing ( fig. S6 ). On foulrelease coatings IS700, on i-LBL, and on other lubricant-infused coatings ( fig. S7 ), a low-intensity peak corresponding to Pvfp-3 was observed, but no Pvfp-5 was detected. No Pvfps were detected on IS900.
Live observation of byssal thread secretion on surfaces A central question arising from the lack of plaques on i-PDMS is whether the surfaces were rejected by the mussels or threads did not stick to the surfaces. We therefore conducted live observations of P. viridis feet exploring the surfaces and secreting byssal threads on stiff (LBL) and compliant (PDMS) substrates. On noninfused surfaces, P. viridis successfully probed the surface and secreted four and two cured threads on LBL and PDMS, respectively ( Fig. 1D; fig. S8 , A and B; and movies S1 and S2).
P. viridis probing behavior on infused surfaces was strikingly different. On the i-LBL surface, both mussels explored the surface for an appreciable amount of time (30 s and 80 s, respectively) without secreting a thread ( fig. S8C and movie S3). This behavior is abnormal, because mussels typically scrub the surface for a few seconds and then spend about 30 s secreting a byssal thread (37) . On i-PDMS, P. viridis behaved in three even more unusual ways: (i) the mussel foot explored the surface but did not deposit threads and chose to attach the threads either onto its own shell ( Fig. 1E and movie S4) or to reach to a neighboring substrate (movie S5); (ii) the mussel secreted a viscous gel that did not solidify and readily dispersed in seawater (movie S6); and (iii) the mussel extended its foot toward the substrate, but upon scrubbing the surface, swiftly retracted 1 s later without secreting a thread ( Fig. 1F and movie S7), suggesting that the mussel either did not detect a solid substrate or refused to commit. A count analysis revealed multiple occurrences of the unusual mussel behaviors (table S1). These observations corroborate the choice assay, where 14 out of 15 i-PDMS surfaces were completely plaque-free (Fig. 1, B and C).
Performance of i-PDMS in field studies
To verify that the high antifouling capacity of i-PDMS against mussel adhesion in laboratory settings translates into efficient prevention of marine fouling in real-world situations, we conducted field tests in Scituate Harbor (MA, USA) (SM, section IIB) over a period of 16 weeks. We detected only a few newly settled mussels on i-PDMS panels, whereas IS900 and PDMS controls showed 4-fold and 30-fold increases in mussel settlements as measured by the total coverage area, respectively (Fig. 3A and table S2 ). i-PDMS outperformed the commercial benchmark and noninfused controls, not only for hard-fouling species, such as mussels, but also for aggressive soft foulers, such as tunicates and hydroids, and microalgal biofilms (slime) (Fig. 3B) . These results support the laboratory experiments and show the broad, long-term fouling prevention capacity of i-PDMS in complex marine environments.
Analysis of nanoscale contact forces
To reveal what mechanostimulus the mussels may be detecting with their sensing organ, we conducted depth-sensing nanocontact mechanics measurements, which relate to the contact forces experienced by the mussels during probing. Characteristic load-displacement curves (Fig. 4A) showed that contact forces on LBL are expectedly three orders of magnitude larger than on PDMS, with elastic moduli of 83.5 ± 6.8 GPa and 78.8 ± 4.9 GPa for noninfused and infused LBL samples, respectively, and 1.8 ± 0.2 MPa and 0.8 ± 0.1 MPa for PDMS and i-PDMS, respectively ( fig. S9 ).
2 of 6 Closer inspection in the low-force region (Fig. 4 , B and C) revealed distinct "jump-in" and "jumpoff" instabilities detected for both types of infused surfaces. For the i-LBL surface (Fig. 4B) , a maximum adhesive force in the range 10 to 15 mN was detected upon approach. A similar magnitude of adhesive force value was measured during unloading; however, a much larger displacement was necessary to return to zero force. Because the adhesive forces were absent on the noninfused reference, we attribute them to the formation of a capillary adhesive force when the tip makes contact with the entrapped lubricant (38) , with a capillary bridge length of 13 mm, as inferred from the retraction portion of loading/unloading cycles. Further focus in the submicrometer displacement range (Fig. 4B, inset) upon approach revealed a nearly constant adhesive force for about 400-nm displacement after the initial jump-in instability, which we attribute to the thickness of the lubricant layer. Subsequently, the force-displacement curves were identical to the reference, indicating direct contact with the solid surface. Therefore, from the "mussel's perspective," i-LBL surfaces present a 400-nm-thick lubricant layer after an initial capillary adhesion, during which no solid surface would be sensed.
On i-PDMS, the adhesive force regime during approach was deeper than on i-LBL, about 1 mm (Fig. 4C) , but capillary bridges with a similar range of adhesive force (10 to 15 mN) and length (13 mm) were observed upon retraction, as expected, because we used the same lubricant for both samples. The noninfused PDMS and commercial foulrelease coatings showed a larger adhesive force upon contact (35 mN) but a much smaller displacement length of 1 mm ( fig. S10 ), which we attribute to the Johnson, Kendall, Roberts soft adhesive contact (38, 39) . We schematically summarize the force-displacement response for lubricant-infused surfaces in Fig. 4, D and E, and assume the following time-dependent force profile experienced by a mussel foot probing the surface (Fig. 4F) : Before any contact, the mussel foot senses an (unexpected) adhesive capillary force; provided the mussel keeps probing, its foot will eventually detect the larger moduli of the solid surface below the lubricant layer, whereas it will again Amini et al., Science 357, 668-673 (2017) 18 August 2017 3 of 6 experience adhesive capillary forces upon partial retraction.
On the mechanism of mussel attachment to lubricant-infused surfaces
For efficient fouling prevention, a material needs to deter initial attachment and minimize the adhesion strength when a fouler encounters the surface (7). Lubricant-infused coatings satisfy and improve upon both criteria. Their solid/liquid composite nature at the nanoscale has key implications for mussel adhesion, because the adhesive plaque is delivered as a viscous secretion (15) that will not fully displace the lubricant as long as the lubricant layer remains stable, causing the abnormal plaque secretion (table S1) . With transcriptomic analysis (40), we confirmed the presence of transient receptor potential (TRP) channels in P. viridis feet (table S3) , which are implicated in mechanosensing in diverse organs and species (41) , indicating that tactile sensors may contribute to the sensing mechanism of mussels. We suggest that these channels remain unactivated on infused surfaces, because our nanoscale contact mechanics data indeed imply that the feet would not feel a substantial compressive force after initial contact. In contrast, a tensile force arises due to capillary bridges (Fig. 4 , B and C) that may prevent the activation of the TRP channels. We therefore propose that infused surfaces "confuse" the mussels, which frequently appear unable to detect the lubricant-protected solid substrate, and consequently do not deposit plaques ( Fig. 1 and table S1 ). Although i-LBL performs better than noninfused controls and is on par with state-of-the-art commercial coatings, a significantly larger number of plaques were deposited on i-LBL compared with i-PDMS (Fig. 1) . Because i-LBL exhibits a thinner lubricant layer and is much stiffer than PDMS, we suggest that mussels' probing feet are statistically more likely to reach the underlying surface and experience a relatively higher contact force if they do, thus promoting plaque secretion. For the few deposited plaques, i-PDMS also outperformed all other tested surfaces in terms of adhesive strength (Fig. 2B) . Adhesion of fouling organisms has been reasonably well described using linear elastic fracture mechanics (31, 32) , which, in the simplest case, predicts the macroscopic adhesion strength to scale as (E·g s ) 1/2 . However, this scaling law does not capture the effect of the lubricant. Because E is only slightly affected upon infusion, the 10-fold decrease of s ad for i-PDMS compared with PDMS would imply g s of the infused surface to be smaller by a factor of roughly 100, which is not realistic [the surface energy of PDMS and the surface tension of silicone oil, covering the surface in the infused coating, are comparable (SM, section IIC)]. Mussel adhesion is mechanically more complex because the adhesive plaquethread assembly leads to the coupling between the local work of adhesion w a (molecular-level interfacial energy) and the elastic strain energy W e stored in the plaque-thread structure (Fig. 5) . In analogy to the valve concept in fracture mechanics (42, 43) , developed to describe interfacial fracture phenomena in the presence of dissipative mechanisms away from the fractured surfaces, the total adhesion energy during decohesion G c can be described as the sum of both contributions.
Pull-off energies of individual threads are on the order of 1 J/m 2 (35, 36) , whereas w a measured for individual adhesive proteins range from 0.1 to 0.01 J/m 2 (44, 45) , illustrating that W e is orders of magnitude higher than w a (35) . According to the valve concept, even though W e is far greater than w a in the presence of dissipative processes, w a still governs fracture because W e directly depends on w a that acts as an amplifying "valve" for dissipative mechanisms (46, 47) . For viscoelastic adhesion, which is relevant for mussel adhesion, G c is proportional to w a (48)
where f is a mechanical dissipative function that depends on the crack growth rate da/dt, the temperature T, and the macroscopic strain e. The key implication is that even a small reduction 4 of 6 corresponding contact regimes (E). Upon approach ("1"), a capillary bridge is formed with equal adhesive force on both soft PDMS and stiff LBL surfaces ("2"), followed by forces arising from the solid material ("3" and "4"). During retraction, an adhesive force retains due to the formation of a capillary bridge ("5"), the length of which is roughly equivalent between the two types of surfaces, indicating that the effect is entirely mediated by the lubricant. (F) Force profile over time during contact on an infused surface, mimicking the force profile "sensed" by mussel feet during surface exploration.
in w a leads to a large decay in G c , and thus to an enhanced foul-release efficiency. w a for the infused sample is predicted to be appreciably smaller because of the low interfacial energy of the lubricant/substrate interface (SM, section IIC). From calculations, we find a lower interfacial energy for i-PDMS compared with i-LBL (SM, section IIC) ( fig. S11 ), which is in qualitative agreement with the better macroscopic antifouling performance of i-PDMS. In addition, the effective plaque/substrate contact area may be decreased because the entrapped lubricant is not fully displaced by Pvfp-5 (Fig. 5 , lower right), as supported by the absence of Pvfp-5 on i-PDMS (Fig. 2C) . These two effects synergistically combine to decrease w a for the infused surfaces, thus minimizing amplification and preventing the activation of larger-scale dissipative mechanisms in the plaque/thread assembly away from the interface.
Conclusion
Lubricant-infused surfaces exhibit remarkable, biocide-free nonfouling activity-both in the laboratory and in the field-against mussels, one of the most pervasive marine macrofoulers. Our comprehensive study across multiple length scales suggests fundamental mechanisms behind this antifouling performance. First, lubricant-infused surfaces deter the attachment because the lubricant overlayer may deceive the mechanosensing mechanism of mussels that trigger their adhesive behavior only upon detecting the solid surface. Second, the resulting low attachment frequency is accompanied by much lower attachment strength.
The entrapped lubricant affects the molecular work of adhesion, which, by virtue of the valve effect, substantially decreases macroscopic adhesion. Both types of infused surfaces reduce attachment, with i-PDMS showing the strongest antifouling behavior. Importantly, the latter can be formulated into a sprayable paint, allowing for an easy, large-scale application on arbitrary surfaces and for long-lasting performance due to diffusion and effective replenishment of the lubricant through the polymeric coating (27) . Our findings show that lubricant-infused materials are promising to address the important economic and ecological burdens associated with marine biofouling, especially those triggered by the invasion of mussel species.
5 of 6 Fig. 5 . Adhesion mechanics of mussel threads on noninfused (left) and infused (right) surfaces. The total adhesion energy G c is the sum of the thermodynamic work of adhesion w a at the interface (molecular interfacial energy due to the adhesive proteins) and of the viscoelastic dissipative process due to plaque and thread deformation (W e ). For the noninfused surface, the liquid is water, whereas for the infused surfaces, the liquid is the infused lubricant. The vanguard Pvfp-5 adhesive protein efficiently displaces molecularbound water on noninfused surfaces (15) , whereas residual lubricant may remain at the interface for the infused surfaces, owing to the ultralow interfacial energy between the substrate and the lubricant, leading to partial plaque/substrate contact.
